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Edited by Mark StittAbstract Recombinant ATP sulfurylase (AcATPS1) and aden-
osine-5 0-phosphosulfate reductase (AcAPR1) from Allium cepa
have been used to determine if these enzymes form protein–pro-
tein complexes in vitro. Using a solid phase binding assay,
AcAPR1 was shown to interact with AcATPS1. The AcAPR1
enzyme was also expressed in E. coli as the N-terminal reductase
domain (AcAPR1-N) and the C-terminal glutaredoxin domain
(AcAPR1-C), but neither of these truncated proteins interacted
with AcATPS1. The solid-phase interactions were conﬁrmed
by immune-precipitation, where anti-AcATPS1 IgG precipitated
the full-length AcAPR1 protein, but not AcAPR1-N and
AcAPR1-C. Finally, using the ligand binding assay, full-length
AcATPS1 has been shown to bind to membrane-localised full-
length AcAPR1. The signiﬁcance of an interaction between chlo-
roplastidic ATPS and APR in A. cepa is evaluated with respect
to the control of the reductive assimilation of sulfate.
 2007 Federation of European Biochemical Societies.
Published by Elsevier B.V. All rights reserved.
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The sulfur assimilation pathway in many higher plant spe-
cies is now well described [1,2]. In chloroplasts, sulfate enters
via (as yet unidentiﬁed) transporters and is activated by ATP
sulfurylase [ATPS; EC 2.7.7.4] to produce adenosine 5 0-phos-
phosulfate (APS). APS can then act as substrate for two en-
zymes and thus the activated S can enter two distinct
pathways. In the ﬁrst, APS can undergo reductive assimilation
whereby it is ﬁrst reduced to form sulﬁte in a reaction catalysed
by APS reductase [APR; E.C. 1.8.99.2] with the sulﬁte then re-
duced further via the activity of sulﬁte reductase [SiR; EC
1.8.7.1] to form sulﬁde. The ﬁnal step is the incorporation of
the reduced sulﬁde into O-acetyl serine (OAS), to form L-cys-Abbreviations: APR, adenosine-5 0-phosphosulfate reductase; APSK,
adenosine-5 0-phosphosulfate kinase; ATPS, ATP sulfurylase; SiR,
sulﬁte reductase
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doi:10.1016/j.febslet.2007.07.062teine. This step is catalysed by two enzymes: serine acetyltrans-
ferase (SAT; E.C. 2.3.1.30), which catalyses the formation of
OAS from acetyl-CoA and L-serine; and O-acetylserine
(thiol)lyase (OASTL; E.C. 4.2.99.8), which catalyses the
incorporation of the reduced sulphide into OAS to form L-cys-
teine.
In a second pathway, APS kinase (APSK; EC 2.7.1.25) can
add an additional phosphate group to APS to yield adenosine
3 0-phosphate 5 0-phosphosulfate (PAPS), which is a substrate
for the sulfotransferases [3]. In many organisms PAPS can also
be reduced by a thioredoxin-dependent sulfation reaction
catalysed by PAPS reductase (EC 1.8.4.8) to form sulﬁte.
While PAPS reductase has been identiﬁed in the moss Physco-
mitrella patens [4] and the lycopod Selaginalla lepidophylla
[5], it is not thought that these reactions occur in the chloro-
plast, and so the S incorporated in this reaction is essentially
lost as a source for reduced L-cysteine as PAPS is exported.
Thus in terms of the control of S-ﬂux through both pathways,
the branch point, at which APS as substrate is competed for by
APR and APSK, represents a signiﬁcant control point, and its
regulation may ultimately dictate the levels of reduced sulfur
compounds that accumulate in plant species. Interestingly, in
Arabidopsis thaliana, APSK has a Vmax/Km ratio for APS of
2.8 · 107 L mol1 s1, making it a more eﬃcient enzyme than
APR by a factor of 103–104 for catalysing APS. This presum-
ably limits the pool of APS available for reduction [6], and in
this species at least, in common with many Brassicaceae, gluc-
osinolates synthesised via the sulfation pathway do accumulate
[7]. For the S-accumulating Alliums, however, in which a sig-
niﬁcant array of reduced compounds derived from glutathione
accumulate, one could hypothesise that mechanisms are in
place to divert more of the ﬂux of S towards cysteine and glu-
tathione production. Additionally, the emerging view of the
chloroplast lumen, in which proteins are tightly packed, sug-
gests that for pathways to operate at the ﬂux rates observed,
some co-operativity including substrate channelling must oper-
ate. Indeed, some evidence for both the Calvin cycle and fatty
acid biosynthesis has been reported [8].
It may be, therefore, that the S-reduction pathway in chloro-
plasts or parts of the pathway is arranged as a supramolecular
structure. Further, the reduction of sulfate requires photosyn-
thetically driven ATP and reducing power and, again in com-
mon with the Calvin cycle, some close association with the
thylakoid surface to act as a scaﬀold may be envisaged. It
may be signiﬁcant, therefore, that APR has been localised to
the thylakoid surface in Flavaria [9].
An important pre-requisite to support such a hypothesis is
to determine if the enzymes in the reductive pathway can formblished by Elsevier B.V. All rights reserved.
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between ATPS and APR will result in the preferential ﬂux of
sulfur towards L-cysteine accumulation. In this paper, we pres-
ent evidence, using two diﬀerent experimental approaches, that
recombinant ATPS and APR of onion can form a physical
association.2. Materials and methods
2.1. Expression of ATPS and APSR in E. coli
An APR cDNA (AF212155; designated as AcAPR1) was cloned
using an homology-based RT-PCR approach as described in [10].
An ATPS cDNA (AF212154; designated as AcATPS1) was cloned
(Pither and McCallum, unpublished) from a diﬀerential cDNA library
made to onion root mRNA as described in [10]. Each full-length
cDNA harboured in a pBluescript vector was used as a template for
the PCR ampliﬁcation with forward and reverse primers as outlined
in Table 1. To clone the N-terminal and C-terminal domains of
AcAPR1 as identiﬁed by Bick et al. [11], the full-length AcAPR1
cDNA, harboured in a pBluescript vector, was again used as a tem-
plate for the PCR ampliﬁcation with forward and reverse primers
for the N-terminal domain to encompass amino acid residues 68–314
(AcAPR1-NF1, AcAPR1-NR1), and the C-terminal domain to
encompass the amino acid residues 309–443 (AcAPR1-CF1,
AcAPR1-CR1) (see Table 1 for primer sequences). The ampliﬁed
products had either a 5 0 EcoR1 site (AcATPS1, AcAPR1-C), a 5 0
BamH1 site (AcAPR1) or a 5 0 Sal1 site (AcAPRN-1) with either a
3 0-Xho1 site (AcATPS1), a 3 0-Sal1 site (AcAPR1, AcAPR1-C) or a
3 0-HindIII site (AcAPR1-N) to aﬀord directional cloning of the read-
ing frame into the polylinker of the pGEX-GP-3 plasmid (Amersham
Biosciences), and to provide a fusion protein with glutathione-S-trans-
ferase (GST).
A partial TR-ACO2 cDNA [AF115262] was cloned as described in
[12] with the additional 78 bp at the 5 0 end of the reading frame to code
for the full-length protein obtained using 5 0-RACE and cloning into
the pGEM-T-Easy vector (Scott and McManus, unpublished). To
obtain the reading frame the pGEM-T-Easy vector harbouring the
TR-ACO2 sequence was digested with EcoR1 and Xho1 and ligated,
in-frame, into the pGEX-GP-3 vector.
The pGEX-GP-3 vector with the gene insert was transformed into
E. coli strain BL21, and translation of the inserted gene induced with
the addition of 0.6 mM IPTG and incubation at 20 C for 18 h. After
this incubation period, cells were collected by centrifugation at
3000 · g for 10 min at 4 C, the cells lysed by French Press at 15 kpsi,
and the slurry centrifuged at 12,000 · g for 20 min at 4 C. The fusion
protein was isolated by incubation with glutathione–Sepharose
(Amersham BioSciences), pre-equilibrated in phosphate-buﬀered
saline for 30 min at 25 C. The sepharose containing the bound
GST-fusion protein was then collected by centrifugation at 500 · g
for 5 min at 25 C, the resin was then washed once with PBS and then
once with protease cleavage buﬀer (50 mM Tris–HCl, pH 7.0 contain-
ing 150 mM NaCl, 1 mM EDTA and 1 mM DTT) before release of
the bound protein by incubation with Precission Protease (Amersham
BioSciences) for 18 h at 25 C. The sepharose was collected by centri-Table 1
List of primers used for PCR
Primer name
AcAPR1-F1
AcAPR1-R1
AcAPR1-NF1
AcAPR1-NR1
AcAPR1-CF1
AcAPR1-CR1
AcATPS1-F1
AcATPS1-R1
TR-ACO2-F1
TR-ACO2-R1fugation at 500 · g for 5 min at 25 C, with the supernatant contain-
ing the recombinant protein. For the recombinant TR-ACO2, and the
N- and C-domains, no further puriﬁcation was deemed necessary.
For recombinant ATPS, the supernatant after protease digestion
was exchanged into 50 mM Tris–HCl, pH 7.5 (buﬀer A), containing
5 mM MgCl2, and loaded on to a Mono Q HR 5/5 ion-exchange col-
umn (Amersham BioSciences). With the addition of 5 mM MgCl2 to
Buﬀer A, the ATPS did not bind to the column, while other contam-
inating proteins did and so a one-step FPLC puriﬁcation could be
achieved.
For recombinant APR, the supernatant after protease digestion was
again exchanged into 50 mM Tris–HCl, pH 7.5 (buﬀer A), loaded on
to the Mono Q HR 5/5 ion-exchange column and bound APR eluted
within a gradient of buﬀer A (containing 0 mM NaCl to buﬀer A con-
taining 500 mM NaCl).
2.2. Enzyme assays
To determine the speciﬁc enzyme activity of recombinant
AcAPR1 and AcATPS1, puriﬁed preparations after aﬃnity puriﬁca-
tion using glutathione–Sepharose and Precission protease digestion
were used. AcAPR1 activity was measured using AP35S as substrate,
essentially as described by Kopriva et al. [13]. ATPS activity was
measured as the APS and pyrophosphate-dependent formation of
ATP using the method of Burnell [14], as described by Lunn
et al. [15].
To measure AcAPR1 or AcATPS1 activity after complex formation,
the recombinant proteins, after aﬃnity puriﬁcation, were incubated at
various ratios, as appropriate, for 30 min at 25 C. After this time, the
incubations were returned to ice and the enzyme activities measured as
soon as practicable thereafter.2.3. Production of antibodies
Puriﬁed ATPS, APR and TR-ACO2 recombinant proteins were
emulsiﬁed with Freunds complete adjuvant and ca. 0.5 mg of each pro-
tein was injected separately into New Zealand white rabbits, subcuta-
neously at several sites on the animals’ backs. At monthly intervals,
identical booster immunisations were given except that Freunds
Incomplete Adjuvant was used. When a suﬃcient titre was reached,
whole serum was obtained and the IgG fraction isolated. To do this,
each ml of serum was buﬀered with an equal volume of 50 mM sodium
phosphate buﬀer, pH 7.5, containing 250 mMNaCl, and then an equal
volume of saturated ammonium sulfate was added slowly over 30 min,
with stirring at room temperature. The precipitated serum proteins
were collected by centrifugation at 10,000 · g for 15 min at 4 C, the
pellets were resuspended in 70 mM sodium phosphate buﬀer, pH 6.3,
dialysed against the same buﬀer for 24 h at 4 C, before the IgG frac-
tion was isolated speciﬁcally with DEAE Sephacel CL-6B resin using
standard procedures. To biotinylate IgG, a solution at 1–3 mg/ml
was dialysed against 0.1 M sodium borate, pH 8.8, overnight (16 h)
at 4 C after which N-hydroxysuccinimide biotin in dimethyl sulfoxide
was added to a ratio of 200 lg of ester for each mg of IgG and the reac-
tants mixed for 4 h at room temperature (20 C). To halt the reaction,
16 lL of 1 M NH4Cl was added for every 200 lg of ester, the reactants
mixed for 10 min at room temperature (20 C), and then dialysed, for
24 h, against 50 mM sodium phosphate buﬀer, pH 7.5, containing
250 mM NaCl.Sequence
50-CGACGGATCCATGGCGTCCGCAACTAGCACTGCTGC-
50-GACGACGTCGACTCATCTAAGTGCATTAACAAACGCTAGC
50-GACGACGTCGACCTCAGATCAGTTTGTGGAGA-3 0
50-GACGACAAGCTTTCGGGTGGTGCTGTCTTTT-30
50-GACGACGAATTCGCGCCGACTCAAAAGACA-3 0
50-GACGACGTCGACCCTCATCTAAGTGCATTAACAAA-3 0
50-GACGACCCGAATTCCATGTCCACCCTCTCCAATTCATTTC
50-GACGACCTCGAGTCAAACAGAAGCAGGCACACCAATTTTC
50-GACGACCCGAATTCCATGGAGAACTTCCCAATCATC
50-CAGCAGCTCGAGTCATTACGAATATTCAATCAG
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inhibitor were produced as described in [16].
2.4. Enzyme-linked-immunosorbent (ELISA) and solid-phase binding
procedures
Recombinant protein [100 ll aliquots in 50 mM Tris, pH 7.5, con-
taining 100 mM NaCl (TBS)] at the appropriate concentration was
coated on to micro-titre wells for 16 h at 4 C. After washing with
TBS containing 0.05% (v/v) Tween, each well was blocked with the
addition of 120 ll of 0.5% (w/v) skim milk powder in TBS, washed
as before, and for the solid-phase binding assay, the putative interact-
ing recombinant protein partner (100 ll in TBS) was added at the
appropriate concentration. After incubation for 1.5 h at 37 C, the
wells were washed as described before, and in both the ELISA and
solid-phase binding assays the appropriate primary antibody (as
puriﬁed IgG) was added and the plates were incubated for 1 h at
37 C. After washing, any bound primary antibody was detected using
an alkaline phosphatase conjugated anti-rabbit IgG with standard
colorimetric detection.
2.5. Conjugation of anti-ATPS IgG to CN-Br activated Sepharose
Puriﬁed IgG obtained from antiserum raised against recombinant
ATPS in 0.1 M NaHCO3, pH 8.3 containing 0.5 M NaCl, was incu-
bated with CN-Br activated Sepharose with end-over-end mixing for
1 h at room temperature or overnight (16 h) at 4 C. After this time,
excess IgG was washed away, the conjugated Sepharose blocked with
0.1 M Tris–HCl, pH 8.0, for 2 h at room temperature (20 C), before
being post-washed with three cycles of 0.1 M sodium acetate, pH
4.0, containing 0.5 M NaCl followed by 0.1 M Tris–HCl, pH 8.0, con-
taining 0.5 M NaCl. At the conclusion of the washing, the anti-ATPS
IgG-conjugated CN-Br activated Sepharose 4B was stored in 0.1 M
NaHCO3, pH 8.3, containing 0.5 M NaCl at 4 C.
2.6. Immune-precipitation procedures
Recombinant ATPS was incubated with the full-length or truncated
APSR proteins (with or without 5 mM glutathione), or the soybean
(Kunitz) trypsin inhibitor (obtained commercially (Sigma Chemical
Company); T-9003) at the appropriate concentrations, in 50 mM so-
dium phosphate buﬀer, pH 7.5, containing 250 mM NaCl, at 25 C
for 1 h. After this time, 20 ll of a 50% (v/v) resin slurry of CN-Br acti-
vated Sepharose 4B conjugated with anti-ATPS IgG was added, the
mixture incubated for 2 h at 25 C with end-over-end mixing before
the Sepharose was collected by centrifugation at 500 · g for 5 min at
4 C. The pellets were washed three times with 50 mM sodium phos-
phate buﬀer, pH 7.5, containing 250 mM NaCl, before a ﬁnal centri-
fugation at 1000 · g for 5 min at 4 C followed by resuspension
in SDS-reducing buﬀer for subsequent SDS–PAGE and Western
analysis.
2.7. Ligand binding assay
Strips of PVDF membrane containing immobilised protein stan-
dards, ATPS and APSR after separation using SDS–PAGE and subse-
quent electrophoretic transfer were incubated with blocking solution
either overnight (16 h) at 4 C, or shaken gently for 1.5 h at 37 C.
To remove excess blocking solution, the membrane was washed three
times with 50 mM sodium phosphate, pH 7.4, 250 mM NaCl (PBS)
containing 0.05% (v/v) Tween 20 (PBS–Tween) and gently shaking
for 5 min. This step was repeated at least three times. After the ﬁnal
wash, membranes were incubated with PBS or PBS containing 1 lg
or 5 lg of recombinant AcAPR1 protein in 20 ml of TBS for 1 h at
25 C. After the incubation period, the membrane was washed with
PBS–Tween 20 as described previously, incubated with anti-AcAPR1
IgG and antibody binding determined using avidin-alkaline phospha-
tase-conjugated secondary antibodies and standard colorimetric sub-
strates.
2.8. SDS–PAGE and Western analysis
SDS–PAGE was performed using a 12% continuous gel and Wes-
tern transfer using the method essentially as described in [17]. To visu-
alise proteins of interest, biotinylated primary antibodies were used,
with antibody binding detected using avidin-alkaline phosphatase-con-
jugated secondary antibodies and standard colorimetric substrates.
The molecular masses of identiﬁed proteins were determined as
described by Hames and Rickwood [18].2.9. N-terminal amino acid sequencing
N-terminal sequence data were obtained from blotted PVDF mem-
branes using the protocol of Matsuidira [19] as described by Hubbard
[20].3. Results and discussion
3.1. Expression of APSR and ATPS in E. coli
Translation of the ATPS reading frame used in this study,
designated AcATPS1, provided a polypeptide with a theoreti-
cal molecular mass of 51807 Da, which increased to 52517 Da
with the addition of an N-terminal 8-amino acid residue
sequence [GPLGSPNS] from the pGEX-GP-3 vector. Expres-
sion of AcATPS1 in E. coli, puriﬁcation of the accumulated
protein product using aﬃnity chromatography with Glutathi-
one–Sepharose, and subsequent ion-exchange column chroma-
tography provided a peptide of ca. 50000 Da, as determined
by SDS–PAGE (Fig. 1A). N-terminal sequencing conﬁrmed
the identity of the protein as AcATPS1 (data not shown).
Post-puriﬁcation of ATPS proved necessary as the protein
co-accumulated in the BL-21 E. coli background with a series
of higher molecular mass chaperone proteins, identiﬁed as
E. coli Hsp 70 and E. coli Hsp 60 by N-terminal sequencing
(data not shown).
For full-length AcAPR1, translation of the reading frame
provided a protein with a theoretical molecular mass of
48710 Da which increased to 49121 Da with the addition of
an N-terminal 5-amino acid residue sequence [GPLGS] from
the pGEX-GP-3 vector. Separation of the accumulated prod-
uct of AcAPS1 after expression in E. coli and aﬃnity puriﬁca-
tion using glutathione Sepharose revealed a major protein with
a molecular mass of ca. 55000 Da, and a lower weight protein
with a mass of ca. 47000 Da (Fig. 1A). N-terminal sequencing
conﬁrmed the protein of ca. 51,000 Da as AcAPR1 with the
predicted N-terminal. The ca. 47000 Da protein represented
a truncated version of AcAPR1 with 75 amino acids deleted
from the N-terminal to give a protein with a predicted mole-
cular mass of 40892 Da (Fig. 1D).
The occurrence of the lower molecular mass (47000 Da) pro-
tein is intriguing because a smaller ‘break down’ protein (of
41000 Da) has also been reported when the full-length APR
enzyme (at 43000 Da) was puriﬁed from Lemna minor [21].
Suter and colleagues determined the N-terminal sequence
of the lower mass protein (at 41000 Da) and an alignment of
the APR sequence from L. minor and AcAPR1 show that
the point of cleavage for the lower molecular mass proteins
is identical (Fig. 1E). Further, these authors proposed that
the low molecular mass protein in L. minor was generated by
unscheduled protease activity during puriﬁcation and report
that the inclusion of protease inhibitors during puriﬁcation
abolished the appearance of the lower mass protein, It may
be, therefore, that the Precission protease digestion, used
during the puriﬁcation of recombinant AcAPR1, generates
the low molecular mass contaminant. At the sensitivity of
coomassie blue staining, accumulation of high molecular mass
proteins can also be discerned and so further puriﬁcation of
the AcAPR1 proteins was undertaken using FPLC.
Primers were also designed to clone two regions of the
AcAPR1 gene, to generate two proteins representing the N-ter-
minal 247 amino acid residue domain (designated AcAPR1-N)
and the C-terminal 134 amino acid residue domain (designated
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Fig. 1. Expression of recombinant AcATPS1 and AcAPR1 in E. coli. Aﬃnity puriﬁcation of recombinant AcATPS1 (A) and AcAPR1 (B) using
glutathione–Sepharose and Precission Protease digestion (lane a) and then after further puriﬁcation using Mono Q HR 5/5 ion-exchange column
chromatography (lane b). (C) Aﬃnity puriﬁcation of recombinant AcAPR1-N (lane a) and AcAPR-C (lane b) using glutathione–Sepharose and
Precission Protease digestion. For (A), (B) and (C) the recombinant proteins were separated using 12% SDS–PAGE and visualised with coomassie
blue staining. (D) Translated sequence of AcAPR1 (accession number: AF212155) with the N-terminal sequence determined from the ca. 55000 Da
protein (from (B)) underlined, and the N-terminal sequence determined from the ca. 47000 Da protein (from (B)) double-underlined. The residues in
italics are those incorporated from the GST fusion after Precission Protease digestion. (E) Alignment of partial sequences of AcAPR1 and the Lemna
minor APR puriﬁed by Suter et al. [21] (GenBank Accession No.: AJ249831). The underlined sequences in the L. minor APR denote the initiation of
the mature protein (at the point of cleavage of the chloroplast transit peptide). The double underlined sequence in both proteins denotes the N-
terminal sequence of the observed low molecular mass proteins from both AcAPR1 and the L. minor APR.
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cal masses of 27608 Da for AcAPR1-N and 14881 Da for
AcAPR1-C. After expression in E. coli and aﬃnity puriﬁcation
using glutathione Sepharose, SDS–PAGE revealed proteins
with relative molecular masses of ca. 24000 and ca. 21000
(for AcAPR1-N) and ca. 17000 Da (for AcAPR1-C). The
truncated product in the AcAPR1-N preparation is presum-
ably the protein with 75 amino acids residues deleted, in com-
mon with that observed for the full-length AcAPR1 protein.At the sensitivity of coomassie blue staining, a deﬁned absence
of chaperone proteins was discernible in the SDS–PAGE sep-
aration and so no further puriﬁcation was undertaken before
use of these proteins in further experimental procedures.
3.2. Speciﬁc activity of recombinant AcAPR1 and AcATPS1
To ensure that folded, functional recombinant protein had
been puriﬁed, the speciﬁc activity of the full-length AcAPR1
and AcATPS1 was determined (Table 2A). For the aﬃnity
Table 2
Speciﬁc enzyme activities of AcATPS1 and AcAPR1 in complex
Complex ratio Activitya
A. Changes in AcATPS1 speciﬁc activity in response to the addition of
AcAPR1, as indicated within the parentheses
AcATPS1–AcAPR1 [1:0] 12.96 ± 1.7b
AcATPS1–AcAPR1 [1:1] 11.98 ± 0.7
AcATPS1–AcAPR1 [1:5] 15.25 ± 1.2
B. Changes in AcAPR1 speciﬁc activity in response to the addition of
AcATPS1, as indicated within the parentheses
AcAPR1–AcATPS1 [1:0] 1.03 ± 0.8b
AcAPR1–AcATPS1 [1:1] 1.01 ± 0.7
AcAPR1–AcATPS1 [1:5] 1.14 ± 1.0
aActivity is expressed as lmol min1 mg1 of aﬃnity puriﬁed protein
± S.E.
bValues shown are the means of three replicate recombinant enzyme
preparations.
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5.5 lmol min1 mg1 protein was determined which compares
with the 30–40 lmol min1 mg1 protein calculated for the L.
minor APR expressed in E. coli [13]. The speciﬁc activity of
AcAPR1-N and AcAPR1-C was not calculated, as studies by
Bick et al. [11] had shown that both domains have very low
APS reductase activity. In fact, the activity was proposed not
to be catalytic as the activity measured was not proportional
to the amount of enzyme added.
For AcATPS1, a mean speciﬁc activity of 13.5
lmol min1 mg1 protein was calculated for aﬃnity puriﬁed
enzyme using the ATP synthase assay. This compares to a
value of 48.7 lmol min1 mg1 protein calculated for the
APS3 gene of A. thaliana expressed in E. coli using the same
assay [22].
3.3. APR–ATPS interactions determined using a solid-phase
immunoassay
Initially, a constant concentration of recombinant full length
AcAPR1 (0.7 lg) was immobilised on to the microplate wells,
and incubated with increasing concentrations of recombinant
AcATPS1 before anti-ATPS1 IgG was added to detect any
bound ATPS1 protein. Preliminary assays had determined that
the anti-ATPS IgG did not cross-react with immobilised
AcAPR1 protein (data not shown). If the AcATPS1–AcAPR1
incubation was conducted at pH 7.4, then ATPS protein did
bind with an optimum obtained at ca. 1–2 lg of ATPS1
(Fig. 2A). In contrast, if the AcATPS1–AcAPR1 incubation
was carried out at pH 9.4, then no evidence of AcATPS1 bind-
ing was discerned. To conﬁrm the putative AcATPS1–AcAPR1
interaction at pH 7.4, a constant concentration of recombinant
AcATPS1 (0.7 lg) was immobilised and incubated with increas-
ing concentrations of full-length AcAPR1, again at pH 7.4
(Fig. 2B). In this assay, an increase in protein binding was ob-
served as more full-length AcAPR1 protein was added to the
incubation, but with an optimum of ca. 200 ng of AcAPR1.
As a putatively non-speciﬁc protein, a recombinant gene prod-
uct of a member of the white clover (Trifolium repens L.) ACC
oxidase gene family, TR-ACO2, was incubated with the immo-
bilised AcATPS1.While some increase in binding was observed,
it was signiﬁcantly lower than the level of binding observed for
AcAPR1 when AcATPS1 was immobilised (Fig. 2B).
The study of the putative complex formation of recombinant
AcATPS1 and AcAPR1 established using the solid-phasebinding assay was extended by the assay of the two major do-
mains of AcAPR1, the 246 amino residue N-terminal reduc-
tase domain (designated AcAPR1-N) and the 134 amino acid
residue glutaredoxin domain (designated AcAPR1-C). These
domains are aligned against the 254 amino acid residue N-ter-
minal reductase domain of AtAPR1 [residues 73–327] and the
137 amino acid residue glutaredoxin domain [residues 328–
465] as described by Bick et al. [11]. In contrast to the full-
length AcAPR1 protein, no increase in binding of the
AcAPR1-N protein was observed as more protein was added
to the incubation with immobilised AcATPS1. However, the
increase in binding observed was not signiﬁcantly greater than
the TR-ACO2 control (Fig. 2B). A similar trend was observed
when AcAPR1-C was incubated with immobilised AcATPS1
(data not shown).
These solid-phase assays may suggest a diﬀerence (as deter-
mined by diﬀerences in the intensity of colorimetric signal) in
the avidity of the anti-AcAPSR IgG (raised against the full-
length protein) in terms of recognising the full-length protein
in comparison with recognising the N- or C-domains. We have
determined using ELISA, however, that the anti-AcAPSR1
IgG recognises the full-length AcAPR1 and AcAPR1-N pro-
teins with a slightly higher avidity than recognition of the
AcAPR1-C protein (Fig. 1C). These results, therefore, suggest
that regions within both the N-and C-terminals are required
for the interaction.3.4. APR–ATPS interactions determined using immune-
precipitation approaches
These preliminary solid-phase assays establish that recombi-
nant AcATPS1 and full-length ACAPSR1 proteins putatively
form a protein–protein complex in vitro, and so to conﬁrm
these observations, a soluble binding approach with immune-
precipitation was used.
In the ﬁrst series of assays, a constant concentration of AcA-
TPS1 was incubated with increasing concentrations of full-
length AcAPR1, and then anti-AcATPS1 IgG coupled to
CN-Br Sepharose added to immune-precipitate any complex
formation with AcATPs1 (Fig. 3A). In these immune-precipi-
tation experiments, the full-length AcAPR1 protein was
immune-precipitated as determined by recognition of the
separated complexed products using the anti-AcATPS IgG,
with a stronger Western signal observed when more protein
was included in the incubation.
In a second series of experiments, the putative role of gluta-
thione in promoting complex formation was assessed. As the
glutaredoxin domain of APR binds glutathione as the electron
donor for reduction of APR, it was of interest to us to deter-
mine if this binding event promoted or hindered any subse-
quent complex formation with ATPS. Further, supplied
glutathione to the roots or internally through the phloem of
canola (Brassica napus L.) resulted in reduction of both ATPS
transcript levels and ATPS activity [23]. In contrast to ATPS,
APSR mRNA, protein and activity reduced signiﬁcantly in the
presence of 0.2 mM oxidised glutathione, suggesting that
APSR is more sensitive to glutathione when compared to
ATPS [24]. Therefore, a role for glutathione in regulating com-
plex formation to either stimulate or inhibit ATPS and/or
APSR enzyme activity may represent an elegant control
point for the pathway. For these experiments, a constant
concentration of AcATPS1 was incubated with increasing
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Fig. 2. Determination of AcATPS1 and AcAPR1 interactions using solid-phase immunoassays. (A) Increasing amounts of AcATPS1, as indicated,
were incubated with a single amount of coated full-length AcAPSR1 (0.7 lg) at pH 7.4 (-¤-) or pH 9.6 (-n-). (B) Increasing amounts of full-length
AcAPR1 (-¤-), AcAPR1-N (-n-) or TR-ACO2 (-m-) were incubated with a single amount of coated AcATPS1 (0.7 lg) at pH 7.4. For (A) and (B),
bound protein was detected using the appropriate primary antibody and anti-rabbit alkaline phosphatase-conjugated secondary antibody. (C) A
single concentration of full-length AcAPR1 (-¤-), AcAPR1-N (-n-) or AcAPR1-C (-m-) was coated on to the microplate and challenged with a serial
dilution series of anti-AcATPS1 IgG, as indicated. Bound primary antibody was detected using anti-rabbit alkaline phosphatase-conjugated
secondary antibody. Results are mean values of six replicates (± S.E.M.).
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Fig. 3. Determination of AcATPS1 and AcAPR1 interactions using immune-precipitation procedures. (A) Immunoprecipitation was conducted with
1 lg of recombinant AcATPS1 and 0 (lanes a,d), 1 (lanes b,e) or 5 lg (lanes c,f) recombinant full-length AcAPR1, without (lanes a–c) or with 5 mM
reduced glutathione (lanes d–f). The immune-precipitated proteins were separated using 12% SDS–PAGE prior to Western analysis. The upper panel
was challenged with biotinylated anti-AcAPR1 IgG and the lower channel was challenged with biotinylated anti-AcATPS1 IgG. Bound antibody was
detected using alkaline phosphatase conjugated strepdavidin. (B) Immunoprecipitation was conducted with 1 lg of recombinant AcATPS1 and 0
(lanes a,d), 1 (lanes b,e) or 5 lg (lanes c,f) of commercially available SBTI, without (lanes a–c) or with (lanes d–f) 5 mM reduced glutathione. The
immune-precipitated proteins were separated using 12% SDS–PAGE prior to Western analysis. The upper panel was challenged with an anti-SBTI
monoclonal antibody raised in rat [13], and antibody binding detected using an alkaline phosphatase-conjugated secondary antibody while the lower
panel was challenged with biotinylated anti-AcATPS1 IgG, and antibody binding detected using alkaline phosphatase-conjugated strepdavidin. Lane
g = 1 lg of SKTI.
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presence of 5 mM glutathione. However, no increase (or de-
crease) in the intensity of recognition was observed by the
AcAPR1 antibody, suggesting that reduced glutathione does
not regulate complex formation, at least in vitro.
Finally, to act as a control in these immune-precipitation
experiments, a constant concentration of AcATPS1 was incu-
bated with an increasing concentration of the soybean (Ku-
nitz) trypsin inhibitor (SKTI), a protein that interacts with
other protein as part of its normal cellular function [25]. How-
ever, no precipitation of SKTI protein was observed, as deter-
mined by lack of recognition by a monoclonal antibody raised
against SKTI (Fig. 3B), but the antibody did recognise theSKTI protein after standard separation using SDS–PAGE
(Fig. 3B). As another non-speciﬁc protein, the gene product
of MD-ACO3 from apple (Malus domesticus L.), MD-ACO3
was also incubated with a constant concentration of AcA-
TPS1, but no immune-precipitated MD-ACO3 was observed
as determined by lack of recognition by anti-MD-ACO3 IgG
(data not shown).3.5. AcATPS1 interacts with AcAPR1 protein as determined by
the ligand binding assay
To determine whether ATPS binds to APSR, separated
ATPS is ﬁrst blotted onto a membrane after SDS–PAGE,
Fig. 4. Ligand binding assay. Recombinant AcAPR1 (lane a in each blot) and AcATPS1 proteins (lane b in each blot) were separated using 12%
SDS–PAGE and blotted onto PVDF membrane and incubated with 0 lg (left-hand panel), 1 lg (middle panel) and 5 lg (right-hand panel) of
AcAPR1 protein. Western analysis was then performed with the anti-AcAPR1 antibody. Lane c contains protein standards with the mass of two
markers indicated. The arrows indicate the expected molecular mass of recombinant AcATPS1.
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before detection of any APSR protein binding with anti-APSR
antibody.
Identical blots were incubated with diﬀerent concentrations
of APSR protein (Fig. 4). Examination of these blots revealed
that the anti-APSR antibodies recognised the APSR protein as
predicted (Fig. 4; lane a in each blot). In the ATPS lane of each
blot (Fig. 4; lane b in each blot), a band of molecular mass of
ca. 50 kDa is recognised by the anti-APSR antibody that is
similar in size to that of ATPS when compared with the pro-
tein standard. Closer inspection of this band over the three
blots reveals a slight increase in density, as more APSR was
present during the incubation. This suggests that the free
APSR is associating with the membrane-bound ATPS as a
complex. Thus using three diﬀerent experimental approaches,
evidence has been gathered that supports a physical interac-
tion, in vitro, between full-length AcAPR1 and AcATPS1.3.6. Physiological relevance of the AcATPS1:AcAPR1
interaction
To examine if there was any inﬂuence on AcATPS1 or
ACAPR1 activity as a consequence of complex formation,
then the activities of both enzymes were measured after co-
incubation at diﬀerent ratios (Table 2). For AcAPR1, no sig-
niﬁcant diﬀerence was observed in activity even with a 5-fold
excess of AcATPS1 in the incubation. However, for AcATPS1,
an, albeit non-signiﬁcant, stimulation of activity was observed
when a 5-fold excess of AcAPR1 was added to the assay. In
onion, we have shown that higher ATPS activity is induced
by an increased S-supply (McManus and McCallum, unpub-
lished observations), and so a stimulation of the enzyme while
in a complex with APR is an intriguing further possibility of
increasing the ﬂux of S through the reductive pathway.
In mammalian cells, substrate channeling has been shown to
occur between ATPS and APS kinase catalytic sites if these
exist as the bi-functional enzyme adenosine-5 0phosphosulfate
kinase (EC 2.7.1.25) as observed in rat chondrosarcoma [26].
Using isotope dilution and enrichment with labelled APS, it
was possible to show that during these reactions, the APS
intermediate was not released into the bulk solution [27]. Fur-
ther investigation in Sacccharomyces cerevisiae revealed that
the C-terminal domain of ATPS is responsible for channeling
by forming a physical connection between the active sites of
ATPS and APSK [28]. However, in plants no such evidence
has been reported for the sulfur assimilation pathway. In the
study described here, channelling was not investigated directly,
but the eﬀect of APR and ATPS activity during complex for-
mation has been investigated, in vitro, and a slight stimulationof AcATPs1 activity was noted with the addition of AcAPR1.
In cabbage Brassica capitata L. (a glucosinolate-accumulating
species), it has been shown that ATPS activity was stimulated
by 60% after the addition of APS kinase (APSK) from Penicil-
lium chrysogenum, but any evidence of complex formation was
excluded [29]. In an attempt to provide evidence for a protein
complex between ATPS and APSK in plants, yeast two hybrid
screens were performed with APSK from Arabidopsis as bait,
but no complex was detected between ATPS and APSK [6].
This study, therefore, demonstrates that, in vitro at least,
recombinant AcATPS1 and AcAPR1 can form a complex, and
so may provide insight into a signiﬁcant control mechanism
of the reductive assimilation pathway in the S-accumulating
species, onion. However, the evidence is based on in vitro
observations and so the challenge now is to determine if such
complexes occur in vivo. Further, what is the functional signif-
icance of such complexes in S-accumulating species such as
onion?
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